Abstract-Modulation of smooth muscle cell (SMC) phenotype plays a central role in neointima formation. We recently demonstrated that Am80, a synthetic retinoic acid receptor ␣-specific agonist, inhibits the activity of the transcription factor KLF5, which is essential for neointima formation after vascular injury. In the present study, we aimed to further analyze the mechanism by which Am80 inhibits KLF5 and the effects of inhibiting KLF5 on SMCs and vascular lesion formation, as well as to evaluate potential of Am80 for use in the prevention of in-stent neointima formation. We found that Am80 inhibited both the expression and transcriptional function of KLF5. Of particular interest was our finding that KLF5 forms a transcriptionally active complex with unliganded RAR/RXR heterodimer on the PDGF-A promoter; Am80 disrupts this complex, thereby inhibiting KLF5-dependent transcriptional activation. Knocking down KLF5 using small interfering RNA suppressed serum-induced downregulation of SMC differentiation marker gene expression in cultured SMCs, and haploinsufficiency of KLF5 in mice attenuated phenotypic modulation of SMCs after vascular injury, indicating that KLF5 plays a key role in the control of SMC phenotype. Am80 augmented expression of the SMC differentiation marker genes in culture and within the vessel walls, and oral administration of Am80 significantly inhibited in-stent neointima formation in a rabbit stent-placement model. Taken together, these results demonstrate that KLF5 plays an important role in the control of SMC phenotype after vascular injury and suggest the feasibility of using Am80, delivered systemically and/or with a drug eluting stent, to prevent in-stent neointima formation. (Circ Res.
T he neointima that forms after percutaneous coronary intervention (PCI) is mainly composed of smooth muscle cells (SMCs) and the extracellular matrix they produce. 1 In response to external stresses such as mechanochemical stress, the effects of various humoral factors, and direct interaction with inflammatory cells, SMCs undergo phenotypic modulation. These phenotypically modulated SMCs proliferate, migrate, and produce various paracrine factors, extracellular matrix, and matrix proteases, thereby promoting the remodeling of the vascular wall. 2, 3 Consequently, SMCs are considered to be one of the most important targets of therapies aimed at preventing restenosis.
We recently showed that the Krüppel-like transcription factor KLF5 mediates stress-induced vascular remodeling, and that haploinsufficiency of KLF5 in KLF5 ϩ/Ϫ mice much reduces neointima formation in vascular injury models. 4 Moreover, we identified a novel synthetic retinoid, Am80, to be a potent inhibitor of KLF5. 4 Am80 is a retinoic acid receptor (RAR) ␣-specific agonist that has been safely used to treat acute promyelocytic leukemia. As expected from its in vitro inhibitory effects on KLF5, Am80 inhibited neointima formation in a mouse model in which the femoral artery was injured by cuff placement. 4 It has not yet been directly determined, however, whether Am80 inhibits neointima formation after stenting. Such an analysis is important because the mechanisms underlying neointima formation likely differ between injury models 5 and stenting is the most frequently performed PCI. It also remains unclear how inhibiting KLF5 with Am80 leads to suppression of neointima formation.
In the present study, we analyzed the mechanism by which Am80 inhibits KLF5 and the effects of inhibiting KLF5 on SMCs and vascular lesion formation, and then evaluated the potential of Am80 for use in the prevention of in-stent neointima formation. Our results demonstrate that KLF5 plays a key role in the control of SMC phenotype and that the KLF5 inhibitor Am80 is a novel modulator of SMC function.
They also establish the feasibility of using Am80 to prevent in-stent restenosis.
Materials and Methods

Rabbit Stent Placement
Twenty-two male New Zealand White rabbits (Oriental Yeast Co, Ltd, Tokyo, Japan) weighing 3.5Ϯ0.3 kg were randomly assigned to treatment with Am80 or placebo. The Am80 was administrated orally at a dose of 1 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 beginning 1 day before stenting and continuing for 28 days thereafter. All animals received aspirin (40 mg/d) daily during the same period. Under general anesthesia, the iliac arteries were visualized using intravascular ultrasound imaging, after which they were injured by placement of a 2.5 mmϫ16 mm JOSTENT (JOMED) stent (6 to 8 atm, 30-second balloon inflation) under fluoroscopic guidance. Taking into consideration the vascular diameters, the inflation pressure of the stent balloons was determined so that the balloons were dilated to the standard stent-to-artery ratio (1.0:1Ϸ1.1:1). 10 The final diameters of the lumens were then measured to ensure the appropriate stent-toartery ratio and to rule out stent malapposition. All animal procedures strictly adhered to the guidelines for animal experiments of the University of Tokyo. An enhanced Materials and Methods section is available online at http://circres.ahajournals.org.
Results
KLF5 Plays a Role in Controlling SMC Phenotype
Modulation of the SMC phenotype is invariably observed in vascular lesions, and the phenotypically modulated SMCs are known to actively contribute to vascular disease development and progression. Our earlier observation that KLF5 ϩ/Ϫ mice exhibit much reduced neointima formation after vascular injury 4 strongly suggests that KLF5 is involved in controlling SMC phenotype. To test that idea, KLF5 was knocked-down in cultured SMCs using small interfering RNA (siRNA). SMCs were transfected with either a KLF5-siRNA expression vector or a negative control vector and then cultured in the serum-free, defined medium for 48 hours, after which the cells were stimulated with fetal bovine serum for 24 hour. As previously reported, 6 serum stimulation led to downregulation of SM ␣-actin and SM-MHC expression in cells transfected with the negative control vector, whereas expression of KLF5 and its target gene, PDGF-A, was upregulated ( Figure  1A through 1D) . Transfection of KLF5-siRNA vector resulted in reduced basal expression of KLF5 and PDGF-A and inhibition of their serum-induced upregulation ( Figure 1A and 1B). In addition, knocking down KLF5 inhibited the serum-induced downregulation of SM ␣-actin and SM-MHC ( Figure 1C and 1D) . KLF5 thus appears to be required for serum-induced modulation of SMC differentiation marker gene expression.
To further analyze the role of KLF5 in phenotypic modulation, the common carotid arteries of KLF5 ϩ/Ϫ and wild-type mice were ligated, after which neointimal growth and SMC phenotype were analyzed. Histomorphometry of vessels 7 days after ligation showed that intima/media area ratios were significantly reduced in KLF5 ϩ/Ϫ mice (supplemental Figure  I) . As previously reported, 7 their was minimal expression of KLF5 in uninjured carotid arteries from wild-type animals. Basal expression of KLF5 in KLF5 ϩ/Ϫ mice tended to be lower than in wild-type, but the difference was not statistically significant ( Figure 1E ). On day 7 after injury, however, KLF5 expression was markedly increased (12-fold over basal) within the arteries of wild-type mice and was also upregulated in KLF5 ϩ/Ϫ animals, but to a significantly lesser degree ( Figure 1E ). Likewise, upregulation of PDGF-A was greatly reduced in KLF5 ϩ/Ϫ animals ( Figure 1F ). In uninjured arteries, there were no significant differences in the expression of SM ␣-actin and SM-MHC in wild-type and KLF5 ϩ/Ϫ mice ( Figure 1G and 1H). The downregulation of SM ␣-actin and SM-MHC expression seen in the injured arteries of wild-type animals, however, was significantly attenuated in KLF5 ϩ/Ϫ animals, suggesting that haploinsufficiency of KLF5 curtailed phenotypic modulation in response to the injury.
Am80 Inhibits KLF5 Expression and Transcriptional Activity in SMCs
We previously showed that KLF5 binds to RAR and that Am80 inhibits the transcriptional activity of KLF5. 4 The molecular mechanism(s) by which Am80 inhibits KLF5 is not yet clear, however. To address that question, we first tested the possibility that Am80 inhibits KLF5 expression in SMCs. As shown in Figure 2A , Am80 suppressed KLF5 mRNA expression at concentrations as low as 0.1 mol/L. Likewise, all-trans retinoic acid (atRA) also inhibited KLF5, but was an order of magnitude less potent; 0.1 mol/L atRA did not have significant effect on KLF5 levels. In addition, we found that Am80 suppressed the KLF5 promoter activity normally induced by serum stimulation ( Figure 2B ). Those data suggest that Am80 suppresses KLF5 expression at least in part by inhibiting its transcription, although other posttranscriptional mechanism might also play a role.
We then examined the extent to which Am80 also inhibited the functionality of KLF5 in cultured SMCs overexpressing exogenous KLF5. The level of overexpressed Flag-tagged KLF5 protein was Ͼ10-fold higher (data not shown) than that of the endogenous protein, and Am80 had no effect on the levels of Flag-tagged KLF5 protein generated from the CAG-promoter driven construct. Moreover, our reporter analysis showed that, in the absence of Am80, this overexpression of KLF5 resulted in a 5.5-fold increase in PDGF-A promoter activity ( Figure 2C ). Despite having no effect on KLF5 expression levels under these conditions, Am80 significantly inhibited both KLF5-dependent activation of the PDGF-A promoter ( Figure 2C ). As expected from the inhibition of PDGF-A promoter, Am80 inhibited PDGF-A mRNA expression in SMCs ( Figure 2D ). atRA also inhibited PDGF-A The copy number of the transcripts for KLF5 was normalized to that of 18s rRNA. The normalized copy numbers were then further normalized with respect to those obtained with samples from SMCs treated with vehicle alone. *PϽ0.05 vs serum-untreated vehicle alone control. B, Effects of Am80 on KLF5 promoter activity. SMCs were transfected with a KLF5 promoter-luciferase construct (pGL3-KLF5). The cells were stimulated with serum 16 hours after transfection. Four hours after serum stimulation, the indicated concentration of Am80 was added and the cells were further incubated for an additional 44 hours, harvested, and subjected to luciferase assay. Luciferase activities were normalized to that in unstimulated cells. *PϽ0.05 vs serum-untreated control; **PϽ0.05 vs serum-treated and Am80-untreated (vehicle alone) cells. C, Effects of Am80 on KLF5-dependent transactivation of the PDGF-A promoter. SMCs were transfected with the PDGF-A promoter luciferase construct (PDGF-900) with or without the Flag-tagged KLF5 expression vector pCAG-Fl-KLF5. Four hours after transfection, Am80 was applied to the cells and they were incubated for an additional 48 hours. Luciferase activities were normalized to that in cells transfected with pGL3-KLF5 alone. *PϽ0.05 vs Am80-untreated (vehicle alone) KLF5-overexpressing cells. D, Effects of Am80 and atRA on PDGF-A expression. SMCs were incubated with Am80 or atRA for 48 hours as in A, after which PDGF-A mRNA levels were analyzed by real-time PCR. All data are expressed as meanϮSEM. *PϽ0.05 vs vehicle alone control.
expression, though to a lesser extent. Taken together, these findings indicate that Am80 inhibits KLF5-dependent PDGF-A transactivation by inhibiting both the expression and function of KLF5.
KLF5, RAR, and RXR Form a Transcriptional Complex on the PDGF-A Promoter That Is Disrupted by Am80
To further explore the mechanism by which Am80 inhibits KLF5-mediated gene transactivation, we assessed the function of RARs in PDGF-A transcription. Combinations of constructs expressing KLF5, RAR␣, and retinoic X receptor (RXR␣) were cotransfected into cells along with the PDGF-A promoter reporter. Whereas overexpression of KLF5 increased the reporter activity 5.5-fold over that seen with the reporter alone, overexpression of RAR␣ and/or RXR␣ had little effect on PDGF-A reporter activity ( Figure 3A) . Furthermore, coexpression of KLF5 and RAR␣ led to a significantly greater activation of the reporter than was seen with KLF5 alone (9.5 vs 5.5-fold increase in activity), though coexpression of KLF5 with RXR␣ did not. Am80 concentration-dependently inhibited the reporter activity induced by overexpression of KLF5, RAR␣, and RXR␣.
On the basis of the PDGF-A reporter analysis, we hypothesized that unliganded RAR␣ serves as a coactivator in KLF5-dependent PDGF-A transcription and that Am80 disrupts the complex formed by KLF5 and RAR␣. To test that idea, Flag-tagged KLF5, RAR␣, and RXR␣ were overexpressed in NIH3T3 cells incubated with or without Am80 or atRA (1 mol/L), and the cell lysates were subjected to coimmunoprecipitation. As shown in Figure 3B , KLF5 was detected in precipitates pulled down with either anti-RAR␣ or anti-RXR␣ antibody, whereas RAR␣ and RXR␣ were detected in precipitates pulled down with anti-Flag antibody ( Figure 3C and 3D ). RAR␣ and RXR␣ were also detected in precipitates pulled down with antibody against their respective counterparts, indicating that heterodimerization took place between RAR␣ and RXR␣ ( Figure 3C and 3D ). Given that KLF5 is known to physically interact with RAR␣, 4 these data suggest that either KLF5 interacts with both RAR␣ and RXR␣, or it directly interacts only with RAR␣ within the RAR␣/RXR␣ heterodimer. To resolve the nature of the interaction of KLF5 with RAR␣ and RXR␣, we overex- pressed Flag-KLF5 and RXR␣ without RAR␣. Under those conditions, KLF5 was not detected in precipitates pulled down with anti-RXR␣ antibody, nor was RXR␣ detected in precipitates pulled down with anti-Flag antibody, indicating that KLF5 does not directly bind to RXR␣ ( Figure 3E ). Treating cells with Am80 significantly reduced levels of KLF5 in precipitates pulled down with anti-RAR␣ or anti-RXR␣ antibody ( Figure 3B ). Likewise, Am80 reduced levels of coimmunoprecipitated RAR␣ and RXR␣ pulled down with Flag-KLF5 ( Figure 3C and 3D) . On the other hand, Am80 did not affect coimmunoprecipitation of RAR␣ and RXR␣ ( Figure 3C and 3D) . Apparently, Am80 inhibits the interaction between KLF5 and the RAR␣/RXR␣ heterodimer. Interestingly, atRA at the same concentration (1 mol/L) did not effectively inhibit the interactions between KLF5 and RAR␣/RXR␣ in these experiments.
We next performed chromatin immunoprecipitation (ChIP) assays to further confirm the involvement of the RAR␣/ RXR␣ heterodimer in the activation of the PDGF-A promoter by KLF5. Using real-time polymerase chain reaction (PCR), we analyzed the abundance of the sequences of interest in immunoprecipitated chromatin samples ( Figure 3F and 3G ). SMCs were incubated with or without Am80 for 2 hours and then fixed with formaldehyde, after which the cross-linked chromatin samples were subjected to immunoprecipitation with anti-KLF5, anti-RAR␣, or anti-RXR␣ antibody. 8 The results showed that KLF5, RAR␣, and RXR␣ all bound to the endogenous PDGF-A promoter in SMCs and that Am80 markedly reduced the abundance of the PDGF-A promoter sequence in the immunoprecipitates pulled down with anti-KLF5, anti-RAR␣, or anti-RXR␣ antibody. Taken together, the results suggest that KLF5 and unliganded RAR/RXR bound to and activated the promoter as components of a transcriptional complex and that Am80 disrupted the interaction between KLF5 and RAR/RXR, thereby inhibiting their binding to the promoter and thus PDGF-A transcription.
Am80 Affects the Differentiation State of SMCs
That Am80 inhibits KLF5 activity suggest it might also affect SMC phenotype. As expected, adding Am80 to cultured SMCs upregulated expression of the SMC differentiation marker genes SM-MHC and SM ␣-actin ( Figure 4A and 4B) , suggesting that Am80 promotes differentiation in phenotypically modulated cultured SMCs. Moreover, Western blot analyses confirmed that Am80 induced expression of SM-HMC protein at concentrations as low as 0.01 mol/L ( Figure  4C ). Although atRA also induced expression of SM ␣-actin and SM-MHC at a higher concentration than Am80, the extent of expression were less than was induced by Am80.
Am80 Inhibits Proliferation and Migration of SMCs
That phenotypic modulation is a prerequisite for proliferation and migration of differentiated SMCs 3 suggested to us that inhibition of phenotypic modulation by Am80 might suppress the pathophysiological proliferation and migration of SMCs seen in vascular diseases, such as in-stent neointima formation. Consistent with that idea, we found that Am80 dosedependently inhibited both mitogen-stimulated DNA synthesis and cell proliferation in cultured human coronary arterial SMCs and rat aortic SMCs ( Figure 5A through 5D ). SMC proliferation was significantly inhibited at a concentration of 0.1 mol/L, and the same concentration also significantly inhibited fetal bovine serum-induced SMC migration (supplemental Figure II) . We also examined the effect of Am80 on proliferation of endothelial cells because re-endothelialization is important for inhibition of thrombosis and for stabilization of the remodeling process, but found that Am80 has no effect on DNA synthesis or proliferation in cultured human umbilical vein endothelial cells (HUVECs) ( Figure 5E and 5F), suggesting that Am80 selectively inhibits SMC proliferation within the vascular wall.
Am80 Reduces In-Stent Neointima Formation
We then tested whether orally administered Am80 would reduce in-stent neointima formation after placing metal coronary stents in the iliac arteries of New Zealand White rabbits. We initially selected the appropriate dosage of Am80 by administering a series dosages to rabbits and determining the relationship between the oral intake and plasma concentration (supplemental Table IA ). A dose of 1 mg ⅐ kg Ϫ1 ⅐ d
Ϫ1
was selected so that the plasma Am80 concentration of the rabbits that underwent stent placement reached between 0.1 to 1 mol/L (supplemental Table IB ). To compare the injury caused by stent placement in rabbits receiving Am80 or placebo, we used the injury score originally described for pigs. 9 Using that scale, we found that the injuries caused by stent placement were similar in both the Am80 and placebo groups (0.15Ϯ0.36 versus 0.15Ϯ0.36); a few rabbits in each group showed laceration of the internal elastic lamina, but no injuries with higher scores were detected. When the stented arteries were harvested 28 days later and subjected to histological analysis, however, we found that the Am80 group showed significantly less neointima formation than the placebo group ( Figure 6A through 6F) . Histomorphometry of vessels from 7 animals in each group showed that although the medial areas were similar, the intimal area, intima/media area ratios, and percent stenosis were significantly (PϽ0.05) reduced in the Am80 group, which is indicative of the diminished neointimal growth (Figure 6G through 6J). It is also noteworthy that during this experiment, no rabbits showed any signs of adverse effects of Am80 on body weight, appetite, blood chemistry, or major organ histology. When we evaluated endothelialization of in-stent lesions, we found that despite the marked inhibition of neointimal growth, high magnification light microscopy revealed that almost the entire circumference of the lumens of the injured arteries on day 28 was completely covered by ECs in both groups (data not shown).
Am80 Inhibits Phenotypic Modulation of SMCs In Vivo
To investigate the mechanism by which Am80 reduced in-stent neointima formation, we first analyzed the effect of Am80 on SMC growth and apoptosis within the vascular walls. Because SMC proliferation is more pronounced during the first week after stent placement than at later times and shows more modulated phenotypes, 10 the stent-related lesions were analyzed on day 7 after stenting. We found that in control animals, fibrin and cellular deposits had already formed adjacent to the stent struts by this time, as has been reported previously, 10 but such lesions were barely detectable in Am80-treated animals, and the intimal area was significantly reduced (supplemental Figure III) . Thus, Am80 clearly inhibited lesion formation during the first week after stent placement. We also analyzed cell proliferation by staining the tissue with proliferating cell nuclear antigen (PCNA) (Figure 7) . Within the intimal lesions of the control animals, 19% of cells were PCNA-positive. Within the media, PCNA-positive SMCs were often found in the areas beneath the intimal lesions, and 7.2% of cells showed PCNA positivity in the all medial areas. By contrast, only 0.7% of cells were PCNA-positive in the media of the Am80-treated animals, indicating that Am80 markedly inhibited proliferation of medial SMCs ( Figure 7E) .
The early inhibition of intimal lesion formation suggests Am80 might also interfere with other processes involved in early lesion formation, such as platelet aggregation, thrombus formation, and monocyte infiltration. 1 On the other hand, Am80 apparently had no effect on apoptotic processes at this time point, as very few terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL)-positive apoptotic cells were found in sections obtained from either group, and the number of TUNEL-positive cells was unaffected by Am80 (supplemental Figure IV) .
Consistent with earlier findings, 11 we also found that on day 7, expression of SM ␣-actin protein was diminished within the stented vascular walls of control animals (supplemental Figure V) . In clear contrast, many more SMCs were positive for SM ␣-actin in Am80-treated animals. At the same Figure 8 . SMC phenotype within in-stent lesions. Expression of mRNA was analyzed by real-time reverse transcription-PCR. The copy number of the transcripts for each gene was normalized to that of 18s rRNA. The normalized copy numbers were then further normalized with respect to those obtained with samples from normal rabbits before stenting. Bar graphs show mRNA expression of genes in the stented regions in placebo-treated (blue) and Am80-treated (red) animals 7 and 28 days after stent placement. All data are expressed as meanϮSEM. *PϽ0.05 vs placebo at the same time point.
time, the level of SM ␣-actin mRNA expression was much lower in the stented vascular walls of control animals than Am80-treated animals ( Figure 8A ). In similar fashion, Am80 also inhibited downregulation of SM-MHC gene expression ( Figure 8B and 8C) . Expression of total SM-MHC transcripts, which included both the SM1 and SM2 isoforms, was significantly stronger in the Am80-treated group on day 7, as was expression of the SM2 isoform, a marker for mature SMCs. On the other hand, expression of SMemb, a marker for phenotypically modulated SMCs that was induced after stenting in control animals, was markedly reduced in Am80-treated animals ( Figure 8D) .
By day 28, Am80 treatment led to further increases in expression of SM-MHC and SM ␣-actin ( Figure 8A through 8C), suggesting acceleration of SMC differentiation. Relative levels of SM1 protein in the neointima as compared with those in the media were higher in the Am80 group than in the placebo group on day 28, as were levels of SM ␣-actin protein, suggesting that Am80 treatment also induced the SMC differentiation marker genes at the protein level (supplemental Figure VE through VH). These patterns of expression indicate that Am80 inhibits phenotypic modulation of SMCs and promotes SMC differentiation after stenting in vivo. As expected, expression of KLF5 and its target gene PDGF-A was markedly inhibited in Am80-treated animals ( Figure 8E and 8F), suggesting that in vivo, Am80 suppresses phenotypic modulation at least in part by inhibiting KLF5, just as it does in vitro. In contrast, expression of myocardin, a coactivator of serum response factor, was unaffected by Am80 treatment.
Discussion
In the present study, we have shown that KLF5 is important for control of SMC phenotype in vitro and after vascular injury in vivo. We also showed that the synthetic retinoid Am80 inhibits KLF5 by interfering with both its expression and its interaction with RAR. In this way, Am80 affected the phenotype, proliferation, and migration of cultured SMCs and inhibited neointima formation after stent placement in vivo. These results establish KLF5 as a novel molecular target for therapeutic intervention in the treatment of vascular disease and provide evidence of the feasibility of using its antagonist Am80 to prevent neointima formation and in-stent restenosis.
The phenotypic modulation of SMCs requires the coordinate regulation of a number of genes, which means that SMC phenotype is very likely governed by the activity of a transcription factor network. 2, 3 Our previous studies suggest that KLF5 is a component of just such a transcriptional network, 4,7 making it a potentially useful target for therapeutic intervention in vascular disease. To assess the role of KLF5 in the control of the SMC phenotype, we analyzed the effects of knocking down KLF5. In cultured SMCs, KLF5 knockdown attenuated downregulation of SM-MHC and SM ␣-actin by serum (Figure 1) , which mimics phenotypic modulation in terms of SMC marker gene expression. 6 Similarly, SMCs in the injured carotid arteries of KLF5 ϩ/Ϫ mice exhibited a more differentiated phenotype than those in wild-type animals, judging from the expression of SMC differentiation marker genes (Figure 1 ). So how does KLF5 control SMC phenotype? One possibility is that KLF5 directly controls expression of SMC marker genes; it might positively regulate SMemb on one hand and negatively regulate SM ␣-actin and SM-MHC on the other. Another possibility is that KLF5 controls expression of paracrine factors, which in turn controls the phenotype and differentiation state of SMCs. 12 Indeed, we previously identified PDGF-A as one of the downstream targets of KLF5 4 and, as expected, PDGF-A expression was diminished in KLF5-siRNA transfected SMCs, in the vascular lesions in KLF5 ϩ/Ϫ mice ( Figure 1F) , and in the stented vascular walls of rabbits given Am80 ( Figure 8F ). It is also likely that KLF5 controls other unidentified genes, 13 which may cumulatively affect SMC phenotype.
The results of the present study also provide novel insight into the actions of RARs in SMCs. Reporter ( Figure 3A) and ChIP ( Figure 3F and 3G) analyses showed that RAR␣/RXR␣ is involved in the transcriptional control of PDGF-A. Because the proximal promoter region of PDGF-A does not contain a canonical retinoic acid response element (RARE), it is likely that RAR␣/RXR␣ binds to the promoter via interaction with KLF5. Consistent with that idea is our finding that KLF5 directly interacts with RAR␣ ( Figure 3) ; of particular interest to us is the finding that Am80 inhibited that interaction as well as KLF5-dependent transactivation of the PDGF-A promoter. This suggests that unliganded RAR␣/RXR␣ heterodimer and KLF5 form a transcriptionally active complex on the PDGF-A promoter, and that by disrupting formation of that complex, Am80 inhibits the activity of KLF5. Penderies et al 14 similarly reported that unliganded RAR enhances Smad-dependent transcription and that this effect was inhibited by a RAR agonist, which disrupted the interaction between RAR and Smads. Together with those data, our findings suggest a novel mode of RAR action in which unliganded RARs serve as coactivators for other transcription factors. In this mode, RAR agonists may inhibit coactivation by RARs, which contrasts with the classical RAREdependent transactivation induced by RAR agonists. Notably, earlier studies have also revealed yet another RAREindependent mode of RAR action in which RARs transrepress other transcription factors, such as activator protein-1. 15 Given these novel actions, one needs to consider a broader range of genes as potential targets of RARs. Interestingly, a number of possible retinoid-regulated genes have been identified in SMCs, many of which do not have canonical RARE in their transcriptional regulatory regions. 16 It is very likely that some of these genes are regulated by RARs functioning as coactivators and/or corepressors. Moreover, results of the present study suggest that KLF5 is one of the key mediators of retinoid actions in SMCs.
We also examined the effects of Am80 on SMC proliferation, migration, and apoptosis as they relate to neointima formation and in-stent restenosis. 1, 5 Am80 clearly inhibited proliferation of medial SMCs 7 days after stent placement ( Figure 7) . Although higher concentrations of Am80 induced apoptosis among cultured SMCs, there was no apparent increase in the numbers of apoptotic cells within the vascular walls 7 days after stent placement (supplemental Figure IV) . Further study will be required to fully assess the importance of apoptosis in the in vivo effects of Am80, but the fact that higher concentrations of Am80 were required to induce apoptosis than to inhibit proliferation among cultured SMCs suggests that its antiproliferative action is central to Am80's overall inhibition of neointima formation. In addition, Am80's inhibition of neointima formation on day 7 after stent placement suggests that it affects nonmuscle cells as well as SMCs. This is because the early lesion is known to be formed by various cell types, including macrophages, lymphocytes, and platelets. Interestingly, in that regard, atRA has been shown to promote fibrinolysis and to inhibit thrombosis, platelet aggregation, and inflammation. 17 Previous studies have shown that atRA reduces neointima formation in balloon injury models, 16, 18 making it an attractive candidate for local delivery by drug-eluting stent. Unfortunately, however, its instability with respect to heat, light, oxidation, and sterilization markedly diminishes its utility. The higher stability and selectivity of Am80 would be expected to enhance its utility and broaden its applicability to other ailments in which abnormal cellular differentiation and chronic inflammation play important roles. The dramatic results recently obtained with drug-eluting stents using sirolimus and paclitaxel have stimulated significant enthusiasm among interventional cardiologists. There are still potential problems, however. For example, the strong antiproliferative effects of these agents may delay the healing of in-stent lesions, causing thrombosis. 19 The unique biological activities of Am80 might provide a means to overcome these problems by inhibiting tissue remodeling and stabilizing the vascular wall.
